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Background: Arthroplasty with artificial disc replacement for surgical treatment of cervical spine degeneration
was introduced with the notion that motion-preserving approaches would prevent development of adjacent
segment disease. Though clinical outcomes favor arthroplasty over the commonly used anterior cervical dis
cectomy with fusion approach, clinical studies confirming the biomechanical basis of these results are lacking.
The aim of this study was to compare intervertebral kinematics between arthroplasty and fusion patients 6.5
years post-surgery during physiological motion of the neck.
Methods: Using a biplane dynamic X-ray system, computed tomography imaging and model based tracking al
gorithms, three dimensional intervertebral kinematics were measured during neck axial rotation and extension in
14 patients treated for cervical radiculopathy with fusion (n = 8) or arthroplasty (n = 6). The measurements were
performed at 2-year (baseline) and 6.5 year post-surgical time points, with the main interest being in the
interaction between surgery types and time points. 3 translations and 3 rotations were investigated for the index
(C5C6), and upper- (C4C5) and lower adjacent levels (C6C7).
Findings: Surgery-time interaction was significant for axial rotation (P < 0.04) and flexion-extension rotation (P
< 0.005) in C4C5 during neck axial rotation, left-right translation (P < 0.04) in C5C6 and anterior-posterior
translation in C6C7 (P < 0.04) during neck extension. In contrast with the expectations, axial rotation and
flexion-extension decreased in C4C5 during neck rotation and anterior-posterior translation decreased in C6C7
during neck extension for fusion.
Interpretation: The findings do not support the notion that adjacent segment motion increases after fusion.

1. Introduction
Cervical degenerative disease is a common clinical problem with a
prevalence of 50% or more of the population over the age of 40 and up to
95% of the population over the age of 60 (Matsumoto et al., 1998;
Miyazaki et al., 2008; Shedid and Benzel, 2007). Symptomatic degen
erative disease is commonly treated with anterior cervical discectomy
and fusion (ACDF). While highly successful, with well over a 90% suc
cess rate, it has been observed that additional adjacent segment pa
thologies (ASP) occur in 0–20% of the patients in the mid-term (5–10
years) (Burkus et al., 2014; Ishihara et al., 2004; Lau et al., 2015;
MacDowall et al., 2019; Xiong et al., 2018) and 4.5%–25.6% of the
patients in the long-term (> 10 years) (Burkhardt et al., 2016;

Buttermann, 2018; Hilibrand et al., 1999) after fusion. It had been
postulated that this additional degeneration may be a result of biome
chanical changes after fusion of a vertebral segment (Acosta Jr. and
Ames, 2005; Eck et al., 2002). Total disc arthroplasty with an artificial
disc, or artificial disc replacement (ADR) was developed as an alterna
tive treatment with the notion that preserving physiological motion at
the treated segment would reduce adjacent segment pathology (ASP)
(Acosta Jr. and Ames, 2005; Basho and Hood, 2012). Randomized
controlled trials (RCT) reported favorable outcomes with ADR compared
to ACDF (Burkus et al., 2014; Dejaegher et al., 2017; Donk et al., 2018;
Kong et al., 2016; Sasso et al., 2017). This apparent superiority of ADR
over ACDF is attributable to its ability to preserve intervertebral motion;
however, the extent to which this is so remains unclear without
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accompanying in vivo biomechanical data.
Model based tracking using biplane dynamic x-ray radiography
combined with computed tomography (CT) or magnetic resonance im
aging (MRI) is arguably the most effective approach currently to obtain
accurate 3D motion of cervical vertebrae during physiological motion
tasks of the neck representing normal activities (Anderst et al., 2011;
McDonald et al., 2010; Yu et al., 2017). Using this technique, interver
tebral kinematics and dynamic changes in neuroforaminal geometry
during neck motion have been investigated in normal (asymptomatic)
participants (Chang et al., 2017; Lin et al., 2014; Wang et al., 2020; Yu
et al., 2017). The effect of surgery on neck motion has been investigated
using model based tracking predominantly for ACDF and motion ana
lyses have been limited to short post-operative time periods (up to 28
months) (Anderst et al., 2016; LeVasseur et al., 2021). Very few studies
compared physiologic neck motion between patients who had ACDF and
those who had ADR using model based tracking. One study compared
intervertebral kinematics (McDonald et al., 2014) and another dynamic
foraminal dimension (Yeni et al., 2018) during neck axial rotation and
neck extension tasks at a 2 year post-operative time point. These studies
found differences that were suggestive of increased adjacent segment
motion in ACDF compared to ADR. However, a recent study that
compared 2-year and 6.5-year post-operative foraminal motion between
ACDF and ADR reported that longer term foraminal motion results do
not support a difference between ACDF and ADR attributable to an
increased vs preserved adjacent segment motion after these surgeries
(Azad et al., 2020). However, the extent to which these observations
represent ranges of intervertebral motion for the corresponding seg
ments is not clear.
The objective of this study was to compare intervertebral kinematics
(rotations and translations of vertebrae relative to each other) between
ACDF and ADR during physiologic motion of the neck at the 6.5 year
post-operative time point, with the 2-year postoperative time point as
the baseline reference. Physiological motion of vertebral segments is
rather complex and include translations and rotations in all directions
even during simple tasks defined nominally within a plane. These out of
plane motions often cannot be measured in conventional radiographic
examinations. With the interest that changes in kinematics that are not
in the plane of prescribed motion task may provide insight into the effect
of different surgeries, we aimed at fully examining the segmental mo
tions using 6 degrees of freedom (3 translations and 3 rotations). We
expected to find limited motion at the index level and increased motion
at the adjacent levels for ACDF, while we expected to find higher
mobility at the index level and less increase or no evidence of increase in
adjacent segment motion for ADR.

returned for the long-term follow-up testing; therefore, only these pa
tients were included in the analysis (Table 1). The two groups were not
significantly different in disc height, disc bulging, vertebral body width,
vertebral canal width, Torg-Pavlov ratio (Torg et al., 1986) or Kang’s
grade for cervical stenosis (Kang et al., 2011) at any segment from C4
through C7, based on the measurements from pre-operative MR images
(p > 0.8 to p > 0.91). All patients were eligible for arthroplasty. How
ever, patient allocation to groups was not randomized; rather the type of
surgery was chosen by the patient after discussion of treatment options.
Only patients with no complications or evidence of pseudarthrosis
(ACDF group), device failure (ADR), or heterotopic ossification (ADR)
were considered eligible.
At the 2 years post-operative time point (T1: 23.7 ± 7.6 months),
motion testing was performed. Motion tests were repeated at the 6.5
years post-operative time point (T2: 76.7 ± 12.5 months). Motion
measurements were performed for neck axial rotation and neck exten
sion tasks using a biplane dynamic x-ray system and computed tomog
raphy (CT) as previously described (McDonald et al., 2014). The
biplanar fluoroscopy system consists of two independent 100 kW pulsed
x-ray generators (CPX 3100CV; EMD Technologies) and two 16-in.
image intensifiers (P9447H110; North American Imaging) coupled to
high speed Phantom cameras (VEO 340; Vision Research), with the as
sembly mounted on an adjustable height gantry (Fig. 1A). Biplane x-ray
images were acquired over 2 s at 60 Hz during three trials of neck axial
rotation from left to right and neck extension from a fully flexed, tucked
chin posture, to full extension, while the participants were seated
(Fig. 1A). The participants were centered in the field of view during all
trials (70 kV, 320 mA, 2 ms, source to detector distance 182 cm, average
source to subject distance 130 cm). Image intensifiers were set to a 12in. field of view and distortion was corrected using a regular 1 cm grid of
tantalum beads. Participants were instructed to perform the motions
over the course of two seconds over the largest possible range of axial
rotation and flexion-extension without causing pain. Prior to data
acquisition, participants were permitted to practice the motion as many
times as necessary to be comfortable with the timing of the motion. Lead
aprons were used for shielding patients from the shoulder level below.
CT images were acquired using a LightSpeed16 system (GE Medical
Systems, Milwaukee, WI, USA), in axial mode with 0.625 mm slice
spacing, 0.25 × 0.25 pixel size, 130 mm FOV and 512 × 512 acquisition
matrix, and included the third cervical to first thoracic levels for each
patient.
3D neck motion was characterized using the biplane dynamic x-ray
image, the static CT image and the model based tracking technique
described previously (Bey et al., 2006; McDonald et al., 2010; McDonald
et al., 2014). The model based tracking techniques used in this study
were validated previously and found to be accurate to within ± 0.6 mm
and ± 0.6◦ (Bey et al., 2006,McDonald et al., 2010, McDonald et al.,
2014). In order to measure motion, a vertebral coordinate system is
defined for each vertebra using the center of the vertebral body, centers
of the lateral masses and superior endplate. The motions of a vertebra
are then quantified in reference to the caudal vertebral coordinate sys
tem (McDonald et al., 2010) (Fig. 1B). Range of intervertebral motion
was measured for 3 translations (SI: Superior-inferior, AP: Anteroposterior, and LR: Left-right) and 3 rotations (AR: Axial rotation, FE:
Flexion-extension, and LB: Lateral bending) as the difference between
the maximum and minimum position of each vertebra relative to the
caudal adjacent vertebra (center to center of vertebral bodies) at each
level during neck axial rotation and neck extension (McDonald et al.,
2010, McDonald et al., 2014) (Fig. 1C). Measurements from three trials
were averaged to obtain the final ROM variable for each component of
the motion.
Because MRI data were not available for both T1 and T2 points, we
derived disc height from the model based tracking data to gain insight
into the disc status during the time of motion trials. Disc height was
measured at C4C5 and C5C6 levels using the tracked bone positions for a
0.5 s static trial with the participant in a neutral position sitting up

2. Methods
All procedures were performed under institutional approval and
informed consent (IRB #9165, Henry Ford Health System, Detroit,
USA). The participants of this study were the same as a previously re
ported study that examined dynamic foraminal geometry during neck
axial rotation and neck extension (Azad et al., 2020). Patients who un
derwent single level anterior cervical surgery at the C5C6 level for
treatment of cervical radiculopathy were enrolled. Initially, there were
16 patients who received ACDF and 7 patients who received ADR sur
gery. 8 patients from the ACDF group and 6 patients from the ADR group
Table 1
Patient characteristics.
Age at operation (Years)
Sex (Male/Female)
Race (White/Black/Other)
Time Post-op T1 (Months)
Time Post-op T2 (Months)

ACDF (n = 8)

ADR (n = 6)

P-value

42.5 ± 10.1
4/4
3/4/1
26.0 ± 6.1
77.1 ± 16.9

48.2 ± 7.5
2/4
4/1/1
20.7 ± 8.8
76.2 ± 2.3

P
P
P
P
P

> 0.2
> 0.5
> 0.2
> 0.2
> 0.8

2

Downloaded for Anonymous User (n/a) at Henry Ford Hospital / Henry Ford Health System (CS North America) from ClinicalKey.com by
Elsevier on November 30, 2022. For personal use only. No other uses without permission. Copyright ©2022. Elsevier Inc. All rights reserved.

Y.N. Yeni et al.

Clinical Biomechanics 99 (2022) 105756

Fig. 1. General workflow of the experiment. A) Computed tomography images (top) of the cervical spine and dynamic biplane fluoroscopy images (bottom) were
acquired for each patient. The biplane fluoroscopy system consists of a movable, adjustable height gantry (1) mounted with two pairs of x-ray sources (2) and image
intensifiers (3). B) An anatomical coordinate system was defined using landmarks defined upon the bone model for each vertebra. The vertebral bone model is
projected into both x-ray planes (middle) and its orientation is adjusted with 6 degrees of freedom to optimize the placement of its projection upon both x-ray planes
(bottom). C) Using the tracked positions of each vertebral level, intervertebral kinematics (rotations and translations) were calculated between anatomical coordinate
systems for each vertebral level relative to the inferior level.

straight in chair and facing forward. The utilized approach is similar to
that used in calculating distance between surfaces at other anatomical
locations during motion trials (Lawrence et al., 2018). Briefly, meshes
were created for each vertebra from the segmented CT images used in
model based tracking (Isosurf, v1.5d) (Treece et al., 1999). The mesh
was then manually processed to limit the analysis to only vertices that
define the vertebral endplate surface (MeshLab, v2022.02) (Cignoni
et al., 2008). Each vertebral mesh was repositioned based on the tracked
bone position. For each face on the endplate surface mesh, distance
vectors were calculated to faces on the adjacent endplate surface using
MATLAB (v2021b, The MathWorks, Inc., Natick, MA, USA). The mini
mum distance vector from each face to the closest surface face on the
adjacent endplate was considered as disc height at a given location. The
minimum distance vector was constrained to 45 degrees of the surface
normal to ensure that the minimum distance vector was reasonably
oriented to contact the adjacent endplate surface. An average distance
map was calculated for each face on the endplate surface over all frames
in the static trial and disc height was calculated as the median endplate
distance map.
At the time of the follow-up motion measurements (T2), the partic
ipants were also given standard surveys to determine patient reported
outcomes (Vavken et al., 2015). These included the modified Japanese
Orthopedic Association score (mJOAS) (Chiles 3rd et al., 1999), the
Neck Disability Index (NDI), and the EuroQol EQ-5D score.
Analyses were performed separately for each motion task and motion
segment. A two-way mixed ANOVA was employed, with one of motion
variables (SI, AP, LR, AR, FE or LB) as the outcome, and post-surgical
time-point (T1 and T2), surgery type (ACDF and ADR) and their inter
action as the effect variables (Azad et al., 2020). The primary interest

was in the interaction, as it would indicate a difference in the way cer
vical motion changes over time between ACDF and ADR. When a sig
nificant interaction was found, post-hoc analysis was performed using
Fisher’s protected test with only four of six comparisons being of in
terest. If the interaction was not significant, nonsignificant terms were
removed starting with the interaction and the analysis was repeated
until no nonsignificant term remained or all terms were determined to
be nonsignificant in the models. Disc height measurements were
analyzed using the same framework. JMP (v10, Cary, NC, USA) software
was used for the statistical analysis and significance was considered at P
< 0.05. Because this study is a follow-up to a previously reported study
(McDonald et al., 2014), it is inherently limited in power. Nonetheless,
using estimates of means and standard deviations from T1 (McDonald
et al., 2014) and the GLIMMPSE procedure (Guo et al., 2013), we
anticipated to be able to detect a 24% change in adjacent segment
motion at T2 for ACDF with α = 0.05 and power = 0.8.
3. Results
At the 6.5 year post-operative follow-up, the ACDF and the ADR
groups were not significantly different in patient reported outcomes (p
> 0.22 to p > 0.92) (Table 2). The patients had none to moderate levels
of disability, with only one patient in ADR group having a borderline
severity as indicated by an NDI score of 25. No difference was found
between groups, time points or their interaction for disc height as
measured from the model based tracking system (p > 0.17 to p > 0.90)
(Table 3).

3
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3.1.2. Neck extension
No significant interaction was found for motion components in neck
extension (P > 0.18 to P > 0.76). Independently from surgery type, FE
and AP were smaller (P < 0.04 and P < 0.03, respectively) while LB and
SI were greater (P < 0.03 for both) at T2 than at T1 during neck
extension. Independently from time points, LR was greater for ACDF
than for ADR (P < 0.03). (Table 4, Fig. S2).

Table 2
Descriptive data for patient reported outcomes. The cell entries are mean +
standard deviation and, where applicable, number of patients in each severity
group in parentheses.
Patient Reported Outcome Measure

ACDF

ADR

All

mJOA Score Chiles
(Mild/Moderate/Severe)*

15.3 ± 1.5
(5/3/0)
0.74 ±
0.23
10.6 ± 6.8
(1/4/3/0/
0)
3.5 ± 2.8
4.4 ± 3.1

15.0 ± 2.5
(5/0/1)
0.78 ±
0.09
11.0 ± 9.3
(2/2/1/1/
0)
1.8 ± 1.7
3.5 ± 3.1

15.1 ± 1.9
(10/3/1)
0.76 ±
0.18
10.8 ± 7.6
(3/6/4/1/
0)
2.8 ± 2.5
4.0 ± 3.0

EQ-5D Overall
NDI Score (%)
(None/Mild/Moderate/Severe/
Complete)**
NDI-VAS Arm Pain
NDI-VAS Neck Pain

3.2. C5C6 Index level
3.2.1. Axial rotation
No significant interaction was found (P > 0.15 to P > 0.65). Inde
pendently from surgery type, LR was smaller (P < 0.05) while FE was
greater (P < 0.009) at T2 than at T1. (Table 4, Fig. S1).

*

≥15: mild; 12–14: moderate; ≤ 11: severe (Fehlings et al., 2013).
0–4: none; 5–14 mild; 15–24 moderate; 25–34 severe; 35–50 complete
disability (Vernon and Mior, 1991).
**

3.2.2. Neck extension
Interaction was significant for LR during neck extension for the C5C6
index level (P < 0.04). Post-hoc analysis indicated that LR was greater
for fusion than for ADR (P < 0.05) at T1 but was not different at T2 (P >
0.32). In explanation of this observation, LR tended to increase for ADR
but decrease for fusion by T2, albeit nonsignificantly (P = 0.1016 and P
= 0.1160, respectively), reaching the lack of significant difference
observed between ACDF and ADR at T2. (Table 4, Fig. S2).
All other interactions were nonsignificant (P > 0.06 to P > 0.94).
Independently from surgery type, SI was greater (P < 0.008) at T2 than
at T1 during neck extension. Independently from time points, FE and AP
were greater for ADR than for ACDF (P < 0.002 and P < 0.0001,
respectively). (Table 4, Fig. S2).

Table 3
Disc Height in mm (Mean ± Standard deviation).
Year

Group

C4C5

C6C7

T1

ADR
ACDF
ADR
ACDF

3.03
2.91
2.93
3.00

3.65
3.12
3.57
3.20

T2

± 0.26
± 0.68
± 0.27
± 0.54

± 0.70
± 0.69
± 0.49
± 0.59

3.1. C4C5 upper adjacent level
3.1.1. Neck axial rotation
Interactions were significant for AR and FE during neck axial rotation
for the C4–5 level (P < 0.04 and P < 0.005, respectively). Post-hoc
analysis indicated AR was smaller at T2 than at T1 for fusion (P <
0.003) but not for ADR (P > 0.79) (Fig. 2, S1, Table 4). Similarly, FE was
smaller at T2 than at T1 for fusion (P < 0.02) but a difference was not
demonstrable for ADR (P = 0.0516) though it tended to be greater at T2
than at T1. In accordance with this result, FE was greater for ACDF than
for ADR at T1 (P < 0.04) but the difference was no longer significant (P
> 0.74) at T2. (Table 4, Fig. S1)
All other interactions were nonsignificant (P > 0.09 to P > 0.77).
Independently from surgery type, LB was smaller (P < 0.006) while SI
was greater (P < 0.0001) at T2 than at T1 during neck axial rotation.
Independently from time points, LR was greater for ACDF than for ADR
(P < 0.05). (Table 4, Fig. S1).

3.3. C6C7 lower adjacent level
3.3.1. Axial rotation
No significant interaction was found for the C6C7 level for neck axial
rotation (P > 0.06 to P > 0.46). Independently from surgery type, LB and
LR were smaller at T2 than at T1 during neck axial rotation (P < 0.004
and P < 0.02, respectively). (Table 4, Fig. S1).
3.3.2. Neck extension
Interaction was significant for AP (P < 0.04). Post-hoc analysis
indicated that AP was smaller at T2 than T1 for fusion (P < 0.05) but not
for ADR (P > 0.23) (Fig. 3, S2). All other interactions and main effects
were nonsignificant (P > 0.05 to P > 0.94). (Table 4, Fig. S2).
There was no kinematic component for which both the initial and the
final position of a segment significantly changed over time, so as to give
the appearance of an unaltered ROM despite a shift in the motion for any
segment for any task.
4. Discussion
We examined the in-vivo intervertebral motion in ACDF and ADR
patients at a long-term follow-up using dynamic 3D tracking of cervical
vertebrae. We found changes in the intervertebral kinematics over time
that were different between the two surgery groups, during neck axial
rotation as well as extension from a fully flexed position.
Intervertebral translations and rotations measured in the current
study generally agree well with other studies that used similar mea
surement techniques (Tables 4-5). Anderst et al. plotted 28-month postoperative FE and AP during neck extension and LB during neck rotation
for patients who underwent single level ACDF surgery at the C5C6 level
(Anderst et al., 2016). Our 26-month post-operative intervertebral ki
nematic data (T1) for ACDF agree especially well with these data (Ta
bles 4-5). Our measurements also are comparable to those from
asymptomatic subjects with a similar age and sex distribution to our
cohort for the unoperated C4C5 and C6C7 levels (Tables 4-5) (Wang
et al., 2020). One group who used the model based tracking technique
reported smaller values for neck axial rotation in healthy young patients

Fig. 2. AR during neck axial rotation, showing the change from T1 to T2
for C4C5.
4
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Table 4
Descriptive Data for Segmental Kinematics (Mean ± Standard deviation).
Year

Motion

Group

ADR
Axial Rotation
ACDF
T1
ADR
Extension
ACDF
ADR
Axial Rotation
ACDF
T2
ADR
Extension
ACDF

Level
C4C5
C5C6
C6C7
C4C5
C5C6
C6C7
C4C5
C5C6
C6C7
C4C5
C5C6
C6C7
C4C5
C5C6
C6C7
C4C5
C5C6
C6C7
C4C5
C5C6
C6C7
C4C5
C5C6
C6C7

Translations (mm)

Rotations (◦ )

AP

LR

0.89 ± 0.34
0.58 ± 0.12
0.63 ± 0.14
1.10 ± 0.34
0.66 ± 0.49
0.72 ± 0.27
4.04 ± 1.14
1.98 ± 0.47
2.16 ± 1.12
4.37 ± 1.48
0.79 ± 0.29
3.19 ± 1.29
0.88 ± 0.39
0.55 ± 0.16
0.64 ± 0.25
0.93 ± 0.27
0.53 ± 0.20
0.62 ± 0.18
3.85 ± 1.01
1.81 ± 0.56
2.58 ± 1.22
3.57 ± 1.55
0.68 ± 0.20
2.54 ± 1.08

0.54 ±
0.95 ±
1.06 ±
1.06 ±
1.09 ±
1.37 ±
0.50 ±
0.53 ±
0.74 ±
0.90 ±
1.08 ±
1.15 ±
0.78 ±
0.84 ±
0.84 ±
0.97 ±
0.65 ±
0.82 ±
0.64 ±
0.97 ±
1.01 ±
0.81 ±
0.72 ±
0.78 ±

0.18
0.45
0.69
0.45
0.60
0.50
0.20
0.15
0.36
0.35
0.72
0.47
0.14
0.26
0.37
0.38
0.23
0.29
0.19
0.52
0.72
0.28
0.23
0.29

SI

AR

0.37 ± 0.08
0.41 ± 0.05
0.51 ± 0.23
0.41 ± 0.13
0.59 ± 0.29
0.58 ± 0.22
0.70 ± 0.37
0.50 ± 0.15
0.59 ± 0.24
0.92 ± 0.41
0.60 ± 0.20
0.83 ± 0.28
0.56 ± 0.13
0.63 ± 0.08
0.65 ± 0.17
0.58 ± 0.14
0.65 ± 0.14
0.65 ± 0.15
0.93 ± 0.44
1.00 ± 0.47
1.09 ± 0.54
1.06 ± 0.27
0.76 ± 0.14
0.87 ± 0.25

7.30
2.95
3.32
8.39
1.92
4.69
1.44
1.81
1.47
1.82
1.68
1.75
7.12
2.84
3.32
6.19
2.10
3.54
1.93
1.83
1.91
2.15
1.68
1.86

± 2.38
± 2.50
± 0.92
± 2.13
± 0.72
± 1.68
± 0.66
± 0.95
± 0.29
± 0.57
± 0.64
± 0.54
± 2.18
± 2.00
± 1.14
± 3.11
± 0.61
± 1.75
± 0.77
± 0.77
± 0.83
± 0.44
± 0.42
± 0.45

FE

LB

2.52 ± 0.55
1.73 ± 0.68
1.98 ± 0.40
3.56 ± 1.17
1.34 ± 0.52
2.24 ± 0.81
14.30 ± 3.42
8.21 ± 3.57
9.20 ± 4.20
15.20 ± 6.49
2.98 ± 1.65
12.85 ± 4.58
3.08 ± 0.15
2.05 ± 0.40
2.11 ± 0.90
2.93 ± 0.93
1.81 ± 0.42
1.99 ± 0.73
13.47 ± 2.15
7.30 ± 3.51
10.24 ± 4.40
12.05 ± 6.23
2.67 ± 0.78
10.11 ± 4.30

11.55 ± 2.02
5.73 ± 4.84
7.63 ± 3.23
11.69 ± 3.38
2.71 ± 0.70
8.76 ± 3.88
2.05 ± 0.92
1.80 ± 0.93
2.17 ± 0.40
2.47 ± 1.19
2.46 ± 1.05
3.14 ± 1.05
10.65 ± 1.57
4.90 ± 3.80
6.06 ± 1.97
8.69 ± 3.47
2.84 ± 1.02
6.20 ± 3.31
2.49 ± 1.29
2.84 ± 0.92
3.23 ± 0.43
3.44 ± 1.59
2.94 ± 1.14
3.22 ± 1.42

Table 5
Summary of intervertebral kinematics results (Mean ± Standard deviation) from
previous studies using the methods of the current study (compare with Table 4).

Anderst
et al.
(2016)

28 month postoperative ACDF
at C5C6

Neck
extension
Neck
rotation

Neck
extension

AP
(mm)
FE (◦ )
LB(◦ )
AP
(mm)
LR
(mm)
SI
(mm)
AR
(◦ )
FE (◦ )

Wang
et al.
(2020)

Fig. 3. AP during neck extension, showing the change from T1 to T2 for C6C7.

(Lin et al., 2014). However, the participants in that study were younger
(22.6 ± 2.6 years) than ours and those in the other literature cited
(Anderst et al., 2016; Wang et al., 2020), and their reference for the start
of motion was different (nominal neutral as opposed to minimum of the
range). To our knowledge, there is no other study of 3D physiologic neck
motion that included ADR patients and so a comparison is not possible.
We found larger AP and FE in ADR than in ACDF at the index level
independently from time points for neck extension (Fig. S2B, S2N).
Larger motion in ADR than in ACDF at the index level is consistent with
the motion-preserving and motion-limiting nature of ADR and ACDF
surgeries, respectively. The left-right translation during neck extension
was greater for ACDF than for ADR initially, but became similar at the
later time point, due to the tendency of ADR to increase and ACDF to
decrease (Fig. S2E). A similar observation was made for the range of
foraminal width during motion (FW⋅Rn); FW⋅Rn was initially similar but
became less for ACDF over time, again due to the tendency of ADR to
increase and ACDF to decrease (Azad et al., 2020). Decrease of FW⋅Rn

LB(◦ )

Asymptomatic

Neck
rotation

AP
(mm)
LR
(mm)
SI
(mm)
AR
(◦ )
FE (◦ )
LB(◦ )

C4C5

C5C6

C6C7

2.8
± 0.7
16.7
± 4.3
10.9
± 2.9
3.2
± 0.6
1.1
± 0.5
0.8
± 0.6
2.7
± 2.2
17.6
± 4.5
2.5
± 1.2
1.1
± 0.4
0.9
± 0.4
0.6
± 0.2
6.6
± 1.7
5.0
± 1.5
9.8
± 2.8

0.5
± 0.3
2.3
± 1.6
1.4
± 1.0

1.2
± 0.4
12.7
± 4.1
8.7
± 3.0
1.6
± 0.5
1.0
± 0.4
1.1
± 0.5
2.1
± 1.4
11.3
± 4.0
3.3
± 1.5
0.6
± 0.4
1.0
± 0.4
1.1
± 0.7
3.5
± 1.0
2.3
± 1.3
8.8
± 3.2

with time is consistent with decreasing intervertebral translations, and
this result further suggests that the range of foraminal width in 3D is
largely associated with LR translation at this level. It should be noted
that the magnitude of the observed changes in left-right translations is
small (− 0.09 ± 0.74 to 0.44 ± 0.38 mm) (McDonald et al., 2010) and
may be of limited clinical significance in terms of fusion completion. Yet,
these results at the index level are accompanied by some decrease of
intervertebral and foraminal motion over time in ACDF and some
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increase of both in ADR patients at adjacent levels. As such, further
studies focusing on the left-right translation during neck extension
would be helpful in understanding the effect of the index level on
adjacent segment motion.
The amount of left-right translation that occurs during neck axial
rotation decreased while flexion-extension rotation increased over time
at the index level, but these were independent from the surgery type
(Fig. S1E). Similar to the case of neck extension, the pattern of decreased
LR translation is consistent with a decreased range of foraminal width
over time (Azad et al., 2020). Though the magnitude of LR and FE during
neck rotation is small at the index level (Table 4), the changes in these
components of intervertebral kinematics may explain the decreased
range of foraminal width over time previously observed in these subjects
(Azad et al., 2020). However, because the observed differences in neck
axial rotation between test time points did not depend on surgery type
for the index level, these changes are less likely to explain different
outcomes between ACDF and ADR surgeries.
Interestingly, no significant difference was found between ACDF and
ADR in neck axial rotation at the index level. Because ACDF would limit
and ADR would preserve the motion at this level by design, a difference
would be expected. By comparing adjacent segments (Table 4), it seems
that ACDF limited motion as expected but there is still some motion.
Limitation in motion by ACDF is most notable in intervertebral AR and
LB during neck axial rotation; other components of the motion appear to
be comparable between the index and adjacent levels. These aspects of
neck axial rotation may be less recognized as tracking axial rotation with
plain x-ray radiograms is difficult, and the primary interest has been
rotation in the sagittal plane in most interbody device trials (Burkus
et al., 2014; Murrey et al., 2009; Vaccaro et al., 2018). It is possible that
even though the artificial disc design allows for rotation in axial and
coronal planes, this effect is not observed as a substantial difference
from ACDF due to small amount of rotation at this level and small
contribution of each subaxial spine segment to the total head rotation in
vivo (Anderst et al., 2015; Anderst et al., 2016).
Contrary to the expectation that adjacent segments would experience
increased motion after ACDF, we found decreased AR and FE occurring
during neck axial rotation at the upper adjacent level (Fig. 2, S1J, S1M).
A similar surgery-dependent difference between time points was not
observed for foraminal motion at this level occurring during neck
rotation (Azad et al., 2020). As such, these differences in intervertebral
kinematics between ACDF and ADR may not manifest themselves in
foraminal motion and nerve root compression, but possibly through
other means such as disc degeneration. Interestingly, we did not find
changes in disc height concomitant to changes in kinematics. Unfortu
nately, MR examinations were not done for all participants at postoperative time points corresponding to motion tests and further
insight into the disc status is not available. As such, our assessment of
disc health was not detailed, but the data at least suggest that kinematic
changes can occur independently from disc degeneration or before disc
degeneration becomes apparent in disc height.
Post-operative changes in neck extension over time were not
different between fusion and ADR at the upper adjacent level. This is
consistent with findings for foraminal motion occurring at this level
during neck extension (Azad et al., 2020). Among the changes observed
during neck extension, the decrease in segmental AP (Fig. S2A) and FE
(Fig. S2M) may be attributable to an overall decrease in neck extension
(as measured by C4C7 extension) (Azad et al., 2020). However, greater
segmental SI (Fig. S2G) and LB (Fig. S2P) are not explainable by
decreased neck extension. This may be due to a neuromuscular mech
anism or changes to the segment anatomy such as facet joints. None
theless, the time-dependent changes in these motion components were
not different between surgery types, and may not be associated with
different outcomes between ACDF and ADR.
The decrease in LR and LB over time independently from surgery
type for neck axial rotation at the C6C7 lower adjacent level (Fig. S1F,
S1R) is consistent with the decrease in overall neck axial rotation (Azad

et al., 2020). The decrease in AP translation during neck extension at T2
for ACDF but not for ADR (Fig. S2C, 3) is similar to that of foraminal
width at this level. Though this finding can explain changes in the range
of foraminal width during motion at this level, it falls short of explaining
changes in the range of foraminal height as they were largely observed
for ADR and not for ACDF (Azad et al., 2020). It appears that dynamic
foraminal dimensions are a more sensitive probe for the effect of surgery
on segmental motion and they are more complex than can be repre
sented by individual components of kinematics described on the verte
bral anatomic coordinates.
The limitations of the previous work that examined foraminal mo
tion in the same cohort apply to this study as well (Azad et al., 2020).
Briefly, a small sample could be included, largely due to the necessity for
completion of recruitment for baseline measurements (2 year postoperative) in a given timeframe to be able to follow up for 6.5 years.
Related to this, changes in AD designs over time (e.g., 1st generation vs
2nd generation devices) prohibited continuous enrollment of ADR pa
tients with similar constructs. Patients were not randomized into sur
gical groups; rather surgeon recommendation and patient choices
determined groups assignment, consistent with the practice at the time.
There were no significant demographic or radiographic differences be
tween groups pre-operatively or 2 year post-operatively, but preoperative motion was not measured. Nonetheless, the intent was to
use the 2 year post-operative data (T1) as the baseline for 6.5 postoperative data (T2) with primary interest in the interaction between
time and surgery type. The findings of this study are also limited to 1st
generation AD devices, which have different design considerations than
the new generation devices (Jacobs et al., 2020), and future studies
should consider newer designs. However, due to the large differences in
the design philosophy between ACDF and ADR approaches, it is
reasonable to believe that this study with 1st generation AD devices was
able to capture the overall differences between motion-limiting and
motion-preserving surgeries.
5. Conclusions
We found, contrary to our original expectation but consistent with
foraminal motion studies, that ranges of intervertebral motion at adja
cent levels decreased or at least did not increase after ACDF surgery in
comparison to ADR surgery between 2- and 6.5 year post-surgical time
points. Differences in the time course of intervertebral kinematics be
tween the surgery types were consistent with those observed for dy
namic foraminal width more so than for foraminal height at adjacent
levels. Future studies are needed to more fully understand time course of
changes in intervertebral and foraminal motions and associated degen
erative processes to inform intervention options.
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